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Immune sensing of DNA is critical for antiviral immu-
nity but can also trigger autoimmune diseases such
as lupus erythematosus (LE). Here we have pro-
vided evidence for the involvement of a damage-
associated DNA modification in the detection of
cytosolic DNA. The oxidized base 8-hydroxygua-
nosine (8-OHG), a marker of oxidative damage in
DNA, potentiated cytosolic immune recognition by
decreasing its susceptibility to 30 repair exonuclease
1 (TREX1)-mediated degradation. Oxidizative modifi-
cationsarosephysiologically inpathogenDNAduring
lysosomal reactive oxygen species (ROS) exposure,
as well as in neutrophil extracellular trap (NET) DNA
during the oxidative burst. 8-OHG was also abun-
dant in UV-exposed skin lesions of LE patients and
colocalized with type I interferon (IFN). Injection of
oxidizedDNA in the skin of lupus-pronemice induced
lesions that closely matched respective lesions in
patients. Thus, oxidized DNA represents a prototypic
damage-associated molecular pattern (DAMP) with
important implications for infection, sterile inflamma-
tion, and autoimmunity.
INTRODUCTION
The innate immune system senses the presence ofmicrobes and
danger via germline-encoded receptors, which detect microbe-
associated molecular patterns (MAMPs) and damage-associ-
ated molecular patterns (DAMPs) (Akira et al., 2006; Tang
et al., 2012). Nucleic acids constitute a major molecular pattern
that is recognized during infection with viruses and intracellular
bacteria. Abundance, localization, and characteristic molecular
structures of nucleic acids contribute to the specificity of nucleic
acid immune recognition (O’Neill and Bowie, 2010). However,
chronic or inappropriate activation of nucleic acid-sensing
pathways is linked to inflammatory and autoimmune diseases
(Kawasaki et al., 2011). This, together with the fundamental482 Immunity 39, 482–495, September 19, 2013 ª2013 Elsevier Inc.role in antimicrobial defense, provides a strong rationale to
fully elucidate the molecular mechanisms involved in immune
sensing of DNA and RNA.
Although self-DNA is normally sequestered to the nucleus, the
abundance of self RNA in the cytosol requires specific molecular
structures that allow the distinction between self and non-self
RNA, one being the detection of blunt end double-stranded 50-
triphosphate RNA, detected by RIG-I (Hornung et al., 2006;
Pichlmair et al., 2006; Schlee et al., 2009b). In contrast, the
mere presence of free DNA in the cytosol is considered a suffi-
ciently distinctive molecular pattern indicating a pathogen or
danger. A number of cytosolic DNA sensor proteins have been
proposed including DAI, DDX41, IFI16, Ku70, DHX9, DHX36,
and AIM2 (for review see Keating et al., 2011) as well as RIG-I
that detects AT-rich DNA in the form of polymerase III RNA tran-
scripts (Ablasser et al., 2009; Chiu et al., 2009). Most recently, an
important DNA sensor that stimulates type I interferon (IFN) by
activating the endoplasmic reticulum protein STING (also known
as MITA, MPYS, or ERIS [Ishikawa and Barber, 2008; Ishikawa
et al., 2009; Jin et al., 2008; Sun et al., 2009; Zhong et al.,
2008]) and then Tank-binding kinase 1 (TBK1) (Ishii et al., 2006;
Stetson and Medzhitov, 2006) has been identified (Sun et al.,
2012; Wu et al., 2013). The binding of free DNA to the newly
described cGMP-AMP synthase (cGAS) leads to the production
of a second messenger cyclic dinucleotide c[G(2050)pA(3050)p]
(Gao et al., 2013), which binds to and activates STING, resulting
in the activation of the cytosolic kinases IKKε and TBK1. Alto-
gether, the literature suggests that multiple DNA sensors exist,
many of which operate in a cell-type-specific manner. So far
there is little evidence of specific molecular DNA structures
involved in the recognition by any of the cytosolic DNA sensors.
However, existence of characteristic molecular structures in
DNA would facilitate discrimination between self and non-self
DNA, thereby reducing the risk of autoimmune responses to
self-DNA. Notably, such characteristic molecular structures do
exist for DNA recognition in the endosome: i.e., microbe-specific
recognition of DNA by endosomal toll-like receptor 9 (TLR9) is
facilitated by a higher number of unmethylated CpG dinucleo-
tides in microbial DNA (Krieg, 2002).
Here we provide evidence for the involvement of structural
DNA changes in the immune sensing of cytosolic DNA. We
found that compared to unmodified DNA, DNA with specific
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degradation and therefore a much more potent activator of the
STING-dependent cytoplasmic DNA sensing pathway. Pres-
ence of 8-hydroxyguanosine (8-OHG), the most frequent oxida-
tive basemodification (Wiseman andHalliwell, 1996), is sufficient
to potently trigger cytosolic DNA sensing. Oxidation of DNA
occurs naturally upon antimicrobial reactive oxygen production
or upon certain forms of physical damage such as the absorption
of UV light, and immune recognition of UV-damaged self-DNA in
the skin provides amechanistic explanation for theUV hypersen-
sitivity in cutaneous LE. Thus, oxidative structural changes to
DNA confer an additional layer of information to distinguish
danger and damage from healthy states and thereby help to
avoid unwanted autoimmune reactions to self-DNA.
RESULTS
DNA from UV-Irradiated Cells Is Highly Immune
Stimulatory in Mouse and Human
Self-DNA released from dying cells has been shown to induce
proinflammatory cytokines in myeloid immune cells (Ahn et al.,
2012; Chamilos et al., 2012). We tested whether the immune
stimulatory properties of self-DNA depended on the type of
apoptotic or necrotic cell death. In cells of the murine RMA cell
line (in the following referred to as RMA cells), cell death was
induced via several mechanisms: mechanical destruction,
serum starvation, gamma- or UV-irradiation, cytosolic stimula-
tion with the melanoma differentiation antigen 5 (MDA-5) agonist
poly(I:C), and cytostatic chemicals. Genomic DNA was then
isolated and used to stimulate murine bone marrow-derived
dendritic cells (mDCs). Genomic DNA isolated from RMA cells
that had absorbed UV-C light showed a strongly enhanced
type I IFN response compared to the other conditions that
were hardly above background (Figure 1A). A UV-dose-depen-
dent induction was also seen for the proinflammatory cytokines
interleukin-6 (IL-6) and IL-12 and the chemokine CXCL-10 (Fig-
ure 1B). Similarly, genomic DNA from UV-irradiated RMA cells
stimulated the release of proinflammatory cytokines in murine
macrophages (Figure 1C) and in the keratinocyte-derived cell
line SP-1 (Figure 1D). Treatment of genomic DNA with DNase I
completely abrogated immune stimulation (Figure 1E). Mean-
while, IFN-a secretion of primary CD14+ human monocytes in
response to genomic DNA from UV-irradiated human epithelial
cells (A549) was several times stronger compared to DNA
from nonirradiated A549 (Figure 1F). Testing genomic DNA of
numerous cell types revealed that the cellular source of genomic
DNA was irrelevant (Figure 1F and data not shown). Together
these results indicated that UV irradiation potentiates the cyto-
solic recognition of self-DNA in immune and nonimmune cells
in both mouse and human.
Direct UV Damage of DNA Enhances Immune
Recognition
Direct UV exposure of isolated (cell-free) DNA dose dependently
increased the properties of DNA to induce an IFN-a response in
mDCs, and a UV-C dose of 25 mJ/cm2 led to a significant in-
crease in cytokine secretion (Figure 2A). For these experiments
a laboratory source of UV-C (254 nm) light was used. Sunlight,
the major natural source of UV light, contains UV-A and UV-BImradiation, and the shorter wavelength UV-C component is
filtered out by the earth’s atmosphere. We therefore tested
whether UV-A- and UV-B-irradiated DNA could also alter the
type I IFN response of mDCs. We found that direct absorption
of 250 mJ/cm2 of UV-B light and 5 J/cm2 of UV-A light were
also sufficient to significantly increase the immune-stimulatory
capacity of genomic DNA (Figure 2B). UV damage to DNA can
lead to DNA strand breaks. To verify that the observed differ-
ences in stimulation were not due to DNA strand length, we
used restriction enzymes to digest genomic DNA to an average
length of 2,000 base pairs. The relative increase in stimulation
by UV exposure was independent of the length of the DNA, con-
firming that the UV-dependent effect was not due to DNA strand
breaks (data not shown).
ROS-Mediated DNA Oxidation Leads to Enhanced
Immune Recognition
Cellular DNA is modified by UV light either directly or indirectly as
a consequence of the generation of intracellular reactive oxygen
species (ROS). Therefore, we tested whether ROS and superox-
ide were generated in UV-irradiated RMA cells. A UV dose-
dependent increase of cellular ROS and superoxide was
observed (Figures 3A and 3B). ROS were elevated irrespective
of whether cells absorbed UV-A, UV-B, or UV-C light (Figure S1A
available online). It is well known that ROS are highly reactive
with DNA, inducing distinct DNA modifications. Oxidation of
guanines to 8-hydroxyguanine (8-OHG) is considered a hallmark
of oxidative damage to DNA (Wiseman and Halliwell, 1996).
Therefore, we analyzed the relative 8-OHG content of genomic
DNA isolated from RMA cells with and without UV irradiation.
We found that the 8-OHG content increased with the UV dose
used (Figure 3C), confirming UV-induced oxidative damage of
self-DNA. 8-OHG content in UV-damaged genomic DNA also
correlated with the amount of type I IFN induced (Figure 3D).
Next we testedwhether ROS exposure was sufficient to enhance
the type I IFN-inducing activity of DNA. RMA cells were exposed
to increasing doses of hydrogen peroxide for 10 or 30 min. DNA
isolated from hydrogen peroxide-treated cells induced higher
amounts of IFN-a in mDCs than did genomic DNA from un-
treated cells (Figure 3E). A similar result was obtained when
cell-free genomic DNAwas directly exposed to increasing doses
of hydrogen peroxide (Figure 3F). These results indicated that
ROS-mediated DNA modifications such as 8-OHG promote
immune recognition of cytosolic DNA. To study whether the
presence of 8-OHG in DNA is sufficient for enhanced immune
recognition, we generated PCR products by using dNTP spiked
with 8-OH-dGTP at varying proportions. The 8-OHG content of
DNA correlated with the immune-stimulatory activity of the
PCR product (Figures 3G and 3H), indicating that the presence
of 8-OHG was sufficient to potentiate the immune recognition
of DNA.
Oxidized DNA as DAMP in Antimicrobial Defense
Phagocytic cells make active use of ROS to kill pathogens. Mac-
rophages produce hydrogen peroxide in phagosomes, and neu-
trophils are able to release both peroxide and hypochlorite that
damage microbes in the direct vicinity. To study the impact of
ROS exposure on immune sensing of microbial DNA, bacterial
genomic DNA from E. coli and viral genomic DNA from bothmunity 39, 482–495, September 19, 2013 ª2013 Elsevier Inc. 483
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Figure 1. DNA from UV-Irradiated Cells Shows Enhanced Immune Stimulation
(A) Genomic DNA was isolated from RMA cells in which cell death was induced either through freeze-thaw cycles, shear stress from passage through a fine
needle, or ultrasonication. In addition, DNA was isolated from apoptotic RMA cells 18 hr after either serum starvation, UV-C light (250 and 1,000 mJ/cm2) or g
irradiation (30 Gy), transfection with poly(I:C), or treatment with puromycin (1 mg/ml) or brefeldin A (5 mg/ml). Purified genomic DNA was transfected (1 mg/ml) into
murine mDCs. Transfection with poly(I:C) was used as positive control. IFN-a was quantified after 18–24 hr in the supernatants of murine mDCs.
(B) MurinemDCswere transfectedwith genomic DNA isolated fromRMAcells that were UV irradiated at doses of 250 or 1,000mJ/cm2. Transfectionwith poly(I:C)
was used as positive control. After 18–24 hr, IFN-a, IL-12p40, IL-6, and CXCL-10 was measured in the supernatants. Comparing differential stimulation by
unmodified and UV-C-damaged (250 mJ/cm2) DNA, statistical significance (*p < 0.05) was reached for all cytokines tested.
(C and D) Murine macrophages (C) and murine keratinocyte-derived SP1 cells (D) were stimulated with genomic DNA from untreated or UV-irradiated RMA cells.
poly(dA:dT) and poly(I:C) were used as positive controls. After 18–24 hr, IFN-a was analyzed.
(legend continued on next page)
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Figure 2. Direct UV Irradiation of Cell-Free DNA Increases Its Type I IFN Induction
(A) Genomic DNA isolated from RMA cells was directly irradiated with UV-C light at the doses (mJ/cm2) indicated. Murine mDCs were subsequently transfected
with the genomic DNA.
(B) Murine mDCs were transfected with genomic DNA that after isolation from RMA cells was directly irradiated with UV-A or UV-B light at the doses indicated.
IFN-a was measured by ELISA in supernatants after 18–24 hr. Data are representative of at least three independent experiments (means + SEM). *p < 0.05
(Student’s t test). See also Figure S1.
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STING-Dependent Sensing of Oxidized DNAHSV-1 and adenovirus were incubated with either hydrogen
peroxide or hypochlorite and then transfected into murine
mDCs. We found that ROS further increased cytosolic DNA
recognition of both bacterial and viral DNA (Figures 4A–4C).
Thus, ROS not only directly damage microbes, but also facilitate
the detection of microbial DNA. In addition to microbial DNA,
oxidized self-DNA may also be released to function as a dam-
age-associated molecular pattern (DAMP). Neutrophils have
been shown to expel their genomic DNA at the site of infection
to generate neutrophil extracellular traps (NETs). The release of
NETs is preceded by an oxidative burst (Metzler et al., 2011),
which can be triggered experimentally by phorbol 12-myristate
13-acetate (PMA).We compared human neutrophil DNA isolated
after stimulation with PMA (NET DNA) to neutrophil DNA without
prior PMA stimulation. Neutrophil DNA in the form of NETs had a
higher content of 8-OHG (Figure 4D) and induced higher
amounts of type I IFN in primary monocytes (Figure 4E). This
indicates that neutrophils use the oxidative burst that accom-
panies NET expulsion to transform their self-DNA into a DAMP.
The expulsion of NETs leads to an unusually high concentration
of oxidized DNA in the extracellular space, which may be suffi-
cient to trigger the DNA-sensing pathway in surroundingmyeloid
immune cells. Furthermore, NETs contain the antimicrobial
cationic peptide LL-37 that has been shown to promote cyto-
solic delivery of nucleic acids (Chamilos et al., 2012). To test
whether oxidized DNA at high concentrations and without addi-
tional delivery is sufficient to trigger the cytosolic DNA-sensing
pathway, we incubated humanmonocytes with increasing doses
of oxidized self-DNA from cells treated with either peroxide or
hypochlorite. We found that only oxidation-damaged self-DNA,(E) Murine mDCs were stimulated with genomic DNA of untreated or UV-C-irrad
control. IFN-a was measured after 18–24 hr.
(F) Human CD14+monocytes were transfected with genomic DNA from untreated
poly(dA:dT) was used as positive control. After 18–24 hr, IFN-a was measured.
Data are representative of at least three independent experiments each in triplic
Imnot unaltered self-DNA, was capable of directly eliciting a type
I IFN response with no further delivery involved (Figure 4F).
This response was further amplified and occurred at a lower
DNA concentration in the presence of the antibacterial peptide
LL-37 as prevalent in NETs (Figure 4F). Altogether these results
indicate that at high local concentrations or when bound to nat-
ural cationic peptides such as LL-37, oxidized self-DNA is suffi-
cient to trigger the cytosolic DNA sensing pathway, although un-
modified DNA is not recognized, even in the presence of LL-37.
These results underscore the role of oxidized DNA released from
neutrophils as a de novo formed DAMP.
Oxidized DNA Is Involved in the Pathogenesis of Lupus
Erythematosus
Several autoimmune disorders including lupus erythematosus
(LE) are characterized by antinuclear and anti-dsDNA serum
autoantibodies that have been shown to promote the uptake of
self-nucleic acids and enhance TLR-dependent and -indepen-
dent immune activation (Boule´ et al., 2004; Vallin et al., 1999).
We hypothesized that patients with LE might be particularly
prone to producing type I IFN in response to oxidized self-
DNA. We tested this hypothesis in the MRL/lpr mouse model
of LE (Morel, 2010). In C57BL/6J wild-type mice, the intravenous
(i.v.) injection of UV-damaged genomic DNA induced IFN-a in the
serum only when administered in complex with Dotap to
enhance cytosolic delivery (Figures 5A and 5B). In contrast,
most MRL/lpr mice produced high amounts of type I IFN in
response to i.v. injection of naked UV-damaged self-DNA but
not to unaltered self-DNA (Figure 5C). Of note, these MRL/lpr
mice (12–18 weeks old) presented elevated titers of anti-dsDNAiated RMA cells with and without DNase I digestion. poly(dA:dT) was used as
or UV-irradiated human A549 cells or frommurine RMA cells. Transfection with
ate and shown as means + SEM; *p < 0.05 (Student’s t test).
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STING-Dependent Sensing of Oxidized DNAantibodies as measured by standard crithidia lucillae kinetoplast
immune fluorescence tests (data not shown).
Thus, enhanced immune sensing of oxidized self-DNAmay be
involved in the phototoxicity observed in LE. Patients with LE
develop lesions selectively in skin regions previously exposed
to solar UV light. Currently, the immune mechanism triggering
this type of phototoxicity is poorly understood. Our immunohis-
tological analysis of skin samples of patients with UV-light-
induced LE lesions revealed a colocalization of 8-OHG and the
type I IFN-induced gene MxA in the epidermis close to the basal
membrane (Figure 5D). This finding was quantified on multiple
histological sections on biopsies of sun-induced skin lesions of
five patients with LE and biopsies of healthy individuals undergo-
ing cosmetic surgery (Figure 5E). To test whether oxidation
damage to self-DNA was indeed able to trigger lupus lesions,
UV-damaged genomic DNA was repeatedly injected in the ear
of MRL/lpr mice. Ears injected with UV-damaged DNA devel-
oped skin lesions (not shown), ear swelling (Figure 5F), and
immune cell infiltration (Figure 5G). Immunostaining with CD45
revealed a dense lymphoid epidermotropic inflammatory infil-
trate, hydropic degeneration of the basal epidermal layer, and
colloid bodies (Figure 5H, arrowheads in insert), the typical histo-
logical features of skin lesions in human LE. Altogether, these
observations provide evidence for the involvement of DNAoxida-
tion damage in LE immune pathology in general, and in particular
in the development of UV-induced skin lesions in LE patients.
Enhanced Activity of Oxidation-Damaged DNA Is
Dependent on cGAS and STING
We then studied whether the enhanced type I IFN induction was
due to TLR9 in the endosome or STING in the cytosol (Hemmi
et al., 2000; Ishikawa et al., 2009). To determine the contribution
of TLR9, we used two distinct cell preparations from TLR9-defi-
cient mice: mDCs and bone marrow cells containing plasmacy-
toid dendritic cells (major producers of TLR9-dependent type I
IFN). The type I IFN response triggered by UV-damaged DNA
was independent of TLR9 in both cell preparations (Figures 6A
and6B). In vivo,WTandTLR9-deficientmicedisplayedasimilarly
enhanced ear swelling reaction to oxidized genomic DNA (Fig-
ure 6C). To evaluate STING-dependent DNA recognition, we first
constitutively silenced STING by lentiviral shRNA transfection of
immortalized murine macrophages. In macrophages expressing
one of the two STING-specific shRNAs, the IFN-a response to
UV-C-damaged genomic DNA was almost abrogated whereasFigure 3. ROS Damage of DNA Enhances Its Innate Immune Recogniti
(A and B) RMA cells were incubated with ROS (A) and superoxide (B) detection
fluorescence of the cells was determined by flow cytometry.
(C) The relative content of 8-OHdG in genomic DNA isolated from untreated and U
guanosine EIA Kit in which absorption at 405 nm is reversely correlated with 8-O
(D)MurinemDCswere stimulatedwith the genomic DNA from untreated or UV-irra
(E) RMA cells were treated in culture with 0.1 or 1mMH2O2 for 10 or 30min, respec
used to stimulate mDCs. poly(I:C) was used as positive control.
(F) Genomic DNA of RMA cells was directly incubatedwith 0.1, 10, or 100 mMH2O2
H2O2 and then used to transfect mDCs.
(G) dsDNA with oxidized guanosines (8-OHG) was generated as a 1.5 kB PCR p
purification, the quantity and integrity of the PCR products was determined on
products was verified with the 8-OHG EIA kit.
(H) Murine mDCs were stimulated with the PCR products or poly(I:C) as positive
Data are representative of at least three independent experiments (means + SEM
Imthe RIG-I response (3P-RNA) was not affected (Figure 6D).
Furthermore, STING-deficient (goldenticket mutation) mDCs
were unable to mount a type I IFN response to UV-damaged
DNA (Figure 6E). STING dependence of this response was also
seen when DNA damage was caused by UV-A or UV-B light (Fig-
ure S1B). Moreover, in STING-deficient mice, the ear swelling
reaction in response to injections of UV-damaged genomic
DNA was not increased compared to non-UV-exposed DNA
(Figure 6F). Together, these results show that both in vitro and
in vivo STING-dependent signaling but not TLR9 mediated the
enhanced recognition of oxidized DNA.
Oxidized DNA Is Less Susceptible to TREX1Degradation
Several proteins have been proposed as receptors responsible
for type I IFN production in response to cytosolic DNA. By using
shRNA-mediated silencing in immortalized macrophages, we
found that DDX41, IFI204 (the mouse homolog of IFI16), and
DAI were not involved in the detection of oxidized DNA (Figure S2
and data not shown). In contrast, recognition of oxidized as well
as of unmodified genomic DNA was largely abrogated in cGAS-
silenced macrophages (Figure S2). Next we tested whether the
higher stimulatory activity of oxidized DNA was due to a
higher-affinity binding to cGAS. Two assays of DNA-cGAS inter-
action revealed no enhanced binding (Figures S3A and S3B).
Moreover, stimulation of cell-free cGAS with dsDNA oligonucle-
otides with andwithout 8-OHG residues resulted in the synthesis
of comparable amounts of c[G(2050)pA(3050)p] (Gao et al., 2013).
Oxidative modifications in DNA activate distinct arms of the
cellular DNA repair machinery. By using small molecule inhibi-
tors, we evaluated whether key proteins of the base excision
repair (BER), nucleotide exchange repair (NER), nonhomologous
end joining (NHEJ), or DNA damage response (DDR) signaling
pathways participated in the immune sensing of oxidized DNA.
We found no indication for an involvement of the DNA repair
machinery in enhanced immune sensing of oxidized DNA
(Figure S4).
By using fluorescently labeled DNA, we also did not observe
differential uptakeor cellular compartmentalization of unmodified
and oxidized DNA (data not shown). Dependent on the cellular
compartment, extranuclear DNA is degraded by one of three
major cellular DNases. We found that the endonucleases DNase
I andDNase II indiscriminately digested unmodified and oxidized
DNA (Figure S5). However, degradation of UV-damaged or
8-OHG-containing DNA by the cytosolic exonuclease TREX1on
reagent (ENZO Life Sciences) before UV irradiation. After 30 min, the mean
V-irradiated RMA cells was measured with a competitive 8-hydroxy-2-deoxy-
HG content.
diated RMAcells tested in (C). After 18–24 hr, secretion of IFN-awasmeasured.
tively, or were left untreated. Subsequently the genomic DNAwas isolated and
for 3min. DNAwas precipitated, washed, and resuspended to remove residual
roduct with 0%, 0.1%, or 10% 8-OH-dGTP in the dNTP mixture. After column
agarose gels, and the dose-dependent incorporation of 8-OHdG in the PCR
control.
). *p < 0.05 (Student’s t test). See also Figure S1.
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Figure 4. ROS Damage Enhances Cytosolic Recognition of Bacterial, Viral, and Self-DNA in Neutrophil Extracellular Traps
(A–C) Bacterial genomic DNA from E. coli (A) and viral genomic DNA from HSV-1 (B) or adenovirus (C) were incubated with hydrogen peroxide or hypochlorite,
purified by precipitation, and then transfected into murine mDCs. After 18–24 hr, the IFN-a secretion of mDCs was measured in the supernatants.
(D and E) Human neutrophils were MACS purified from whole blood and were exposed to 40 nM PMA for 3 hr. The relative content of 8-OHG in human neutrophil
and NET DNA was determined (D). Subsequently, isolated neutrophil and NET DNA was transfected into human monocytes. poly(dA:dT) served as positive
control. After 18–24 hr IFN-a was measured in the supernatants (E).
(F) Genomic DNA isolated from hydrogen peroxide- or hypochlorite-treated RMA cells was added either naked uncomplexed together with LL-37 peptide to
human monocytes. After 18–24 hr, the secretion of hIFN-a was quantified in the culture supernatants by ELISA.
Data shown are representative of three (A–D) and four (E, F) independent experiments (means + SEM). *p < 0.05 (Student’s t test).
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STING-Dependent Sensing of Oxidized DNA(DNase III) was far slower compared to unmodified DNA (Figures
7A, 7B, and S5). TREX1 exposure of combinations of UV-
damaged and unmodified PCR products revealed that oxidative
modifications did not competitively inhibit TREX1 but rather
selectively protected oxidized DNA strands from degradation
(Figure 7C). We had noted that the RAW macrophage cell line,
although strongly responsive to DNA stimuli, did not show an
elevated response to oxidized DNA (Figure 7E). We found that
compared to primary mDCs, TREX1 mRNA expression of RAW
cells was low (Figure 7D). Lentiviral overexpression of TREX1 in
RAW cells restored increased responsiveness to oxidized DNA488 Immunity 39, 482–495, September 19, 2013 ª2013 Elsevier Inc.compared to unmodified DNA (Figure 7F). Inversely, mDCs
fromTREX1-deficientmice showed high responsiveness to cyto-
solic DNAs, irrespective of whether these DNAs were UV or ROS
damaged, contained 8-OHG, or were unmodified (Figures 7G
and 7H). Moreover, unmodified and oxidized DNA triggered an
equally potent ear swelling reaction in TREX1-deficient mice
in vivo (Figure 7I). Collectively, these results demonstrate that
the higher immunostimulatory activity of oxidized DNA is due to
selective nuclease resistance to TREX-1 resulting in accumula-
tion of oxidized DNA and cGAS and STING-dependent recogni-
tion of such elevated amounts of oxidized DNA.
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Figure 5. UV-Induced Oxidation of DNA in LE
(A) Genomic DNA of RMA cells was UV irradiated (250 mJ/cm2). DNA was complexed with Dotap, and 50 mg of complexed DNA was injected i.v. into C57BL/6J
mice. IFN-awasmeasured inmouse serum 4 and 6 hr after injection. Results of the 6–11 individual mice per group are shown (means + SEM indicated). **p < 0.01
(Student’s t test).
(B and C) Genomic DNA of RMA cells was UV irradiated (250mJ/cm2). 200 mg of naked uncomplexed genomic DNAwas injected i.v. in C57BL/6J (B) andMRL/lpr
(C) mice. After 4, 6, and 8 hr, serum IFN-a was quantified. Results of 12–17 individual mice per group are shown (means + SEM). **p < 0.01 (Student’s t test).
(D) Typical clinical presentation of sun-induced LE lesions are shown. Immunohistological expression pattern of 8-OHdG and MxA in sun-induced skin lesions in
SCLE compared to sun-exposed skin of healthy controls (HC). DAB (8-OHdG) and Fast red (MxA) were used as chromogen. Magnification 3200.
(E) Clinical scoring of 8-OHdG and MxA staining intensities comparing expression of UV-induced SCLE skin lesions (n = 5) with sun-exposed nonlesional skin of
healthy controls (HC) (n = 5). **p < 0.01 (Student’s t test).
(F) MRL/lpr mice were injected i.c. into the earlobes every third day for 21 days with 10 mg of naked uncomplexed genomic DNA that was either untreated or UV
irradiated. On day 21, mice were monitored for lupus-like skin lesions and 24 hr after the last injection ear thickness was determined with a caliper. Mean ear
swelling in mm + SEM are shown (n = 6); *p < 0.05 (Student’s t test).
(G and H) To visualize immune cell infiltrates, histological sections of ear tissue were stained with hematoxylin and eosin (G) or anti-CD45 antibody (H).
Arrowheads in the insert indicate sites of tissue destruction.
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STING-Dependent Sensing of Oxidized DNADISCUSSION
Immune sensing of nucleic acid is a cornerstone of innate immu-
nity. Sensing of pathogen RNA within abundant self-RNA in the
cytosol requires characteristic RNA structural features (Leung
and Amarasinghe, 2012; Schlee et al., 2009a). In contrast, littleIminformation is available on pathogen-specific DNA structures
involved in cytosolic DNA sensing (Sharma et al., 2011). The
mere presence of free DNA in the cytosol is considered a suffi-
cient indicator of danger; thus, the current concept is that diverse
DNA sensors do not display differential selectivity for different
types of DNA but rather sense cytosolic dsDNA in different cellmunity 39, 482–495, September 19, 2013 ª2013 Elsevier Inc. 489
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Figure 6. Enhanced Immune Sensing of UV-Damaged DNA Is Independent of TLR9 but Requires STING Signaling
(A) TLR9-deficient mDCs were stimulated with genomic DNA isolated from RMA cells that were UV irradiated at doses indicated.
(B) Genomic DNA isolated from RMA cells was directly irradiated with UV-C light at doses (mJ/cm2) indicated and transfected into bone marrow cells of WT and
TLR9-deficient mice. CpG ODN 1826 and M362 were used as control stimuli.
(C) WT and TLR9-deficient mice were injected twice into the earlobes with 10 mg genomic DNA that was either untreated or UV irradiated. 24 hr after the second
injection, ear thickness was determined with a caliper. Mean ear swelling in mm + SEM are shown (n = 8).
(D) Immortalizedmurinemacrophageswere transducedwith lentiviral shRNA vectors STING #1 or #2 and silencing of STINGwas verified by RT-PCR (not shown).
Empty vector SHC001, as well as SHC002 with an unspecific shRNA sequence, were used as controls. The transduced cells were stimulated with genomic DNA
of untreated or UV-C-irradiated RMA cells. The RIG-I ligand 3P-RNA was used as positive control.
(E) Murine WT and STING-deficient (Tmem173, Goldenticket mutation) mDCs were stimulated with genomic DNA isolated from RMA cells that were untreated or
UV irradiated at doses indicated. poly(I:C) and 3P-RNA were used as controls.
(F) WT and STING-deficient mice were treated as described in (C) (n = 6).
Secretion of IFN-a was quantified in the supernatants after 18–24 hr by ELISA (A, B, D, E). Data are representative of at least three (A, B, D, E) or two (C and F)
independent experiments (means + SEM). *p < 0.05 (Student’s t test). See also Figures S2–S4.
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STING-Dependent Sensing of Oxidized DNAtypes and cellular locations (Keating et al., 2011). Nevertheless,
erroneous sensing of self-DNA in the cytosol can trigger autor-
eactivity or even autoimmunity (Ahn et al., 2012; Crow and
Rehwinkel, 2009; Gilliet and Lande, 2008; Stetson et al., 2008)
and additional markers to avoid such errors would promote
homeostasis and health.
Here we extend the current paradigm in immune sensing of
cytosolic nucleic acids by the detection of chemical labels that
nucleic acids receive in oxidative microenvironments. We found
that oxidation-induced structural changes confer resistance to
exonuclease TREX1-mediated degradation in the cytosol. As a
consequence, oxidized DNAwas able to accumulate and consti-
tuted amuchmore potent agonist of the STING-dependent cyto-
plasmic DNA-sensing pathway when compared to unmodified
DNA. Oxidation-induced structural changes to DNA occur due
to extracellular and lysosomal antimicrobial ROS or upon phys-
ical damage such as UV light, thereby providing an additional490 Immunity 39, 482–495, September 19, 2013 ª2013 Elsevier Inc.layer of information to distinguish damage from the steady state.
Since both self and foreign DNA can be oxidized, oxidized DNA
represents a prototypic DAMP beyond mere self versus non-self
recognition. Moreover, DNA oxidation is a physiologically rele-
vant modification that potentiates immune recognition of nucleic
acids instead of inhibiting responses. Examples of inhibition of
immune sensing are methylation patterns such as 20O-methyl
in RNA or methylation of CG motifs in DNA, both being physio-
logically introduced to nucleic acid in the nucleus. Such methyl-
ation patterns label endogenous nucleic acids as self, thereby
preventing erroneous recognition by TLRs (TLR7, TLR8, TLR9)
and RIG-I (Hornung et al., 2006; Kariko´ et al., 2005; Krieg et al.,
1995; Wen et al., 2007; Zu¨st et al., 2011).
On a molecular basis, we demonstrated that the oxidation of
guanines to 8-hydroxyguanosine (8-OHG), the most frequent
natural oxidative base modification in DNA (Wiseman and Halli-
well, 1996), was sufficient to potently trigger cytosolic DNA
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Figure 7. Oxidized DNA Is Resistant to Cytosolic Exonuclease TREX1-Mediated Degradation
(A and B) Recombinant TREX1 protein was added to genomic DNA (A) or PCR products (B) that were either unmodified (UV 0) or UV damaged (UV 250), as well as
to PCR product containing 8-OHG. DNA integrity was monitored over time by fluorophore intercalation. Data are representative of four (A) or two (B) independent
experiments.
(C) Unmodified and UV-damaged PCR products of 0.7 kb and 0.5 kb were incubated for 30 min with increasing amounts of TREX1 protein and visualized on an
agarose gel.
(D) Trex1 mRNA relative to b-actin in mDCs and in RAW cells with and without lentiviral TREX1 overexpression was determined by RT-PCR.
(E and F) RAW cells (E) and TREX1-overexpressing RAW cells (F) were stimulated with unmodified and UV-damaged genomic DNA or PCR product.
(G and H) WT and TREX1-deficient mDCs were stimulated with unmodified and oxidized genomic DNA (G) or PCR product (H).
Secretion of mouse IFN-b (E, F) or IFN-a (G, H) in the supernatants after 18–24 hr was quantified by ELISA. Data are representative of at least two independent
experiments (means + SEM).
(I)WT and TREX1-deficientmicewere injected twice into the earlobes with 10 mg genomic DNA that was either untreated or UV irradiated. At 24 hr after the second
injection, ear thickness was determined with a caliper.
Mean ear swelling in mm + SEM are shown (n = 6), representative of two independent experiments. *p < 0.05 (Student’s t test). See also Figure S5.
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STING-Dependent Sensing of Oxidized DNAsensing. Compared to DNA containing oxidized bases, STING-
dependent immune sensing of unmodified DNA in the cytosol
was severalfold weaker, providing a safe margin for discrimina-
tion of oxidized from nonoxidized DNA.
We have shown that immune sensing of oxidized DNA in
murine myeloid dendritic cells was strictly dependent on cGAS
and STING. cGAS bound DNA, resulting in the formation ofImc[G(2050)pA(3050)p], which directly activated STING, resulting in
downstream TBK1 activation and type I IFN production (Gao
et al., 2013; Sun et al., 2012; Wu et al., 2013). In the literature
there are several somewhat contradictory reports on the effect
of single 8-OHG substitutions in immunostimulatory oligondeox-
yucleotides (ODN) that activate TLR9. One group reported that
the TLR9 activity of a CpG ODN is markedly decreased whenmunity 39, 482–495, September 19, 2013 ª2013 Elsevier Inc. 491
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STING-Dependent Sensing of Oxidized DNAthe dG in the CpG motif is substituted with 8-OHG (Jurk et al.,
2006). Another group confirmed that 8-OHG substitution within
CpG motifs decreases TLR9 stimulation, but proposed that a
8-OHG outside CpG motifs or in non-CpG ODN increases the
immunostimulatory activity (Yoshida et al., 2011). In their work,
8-OHG-containing non-CpG ODN did not induce arthritis when
injected i.a.; however, another group found that a different
8-OHG-containing non-CpG ODN triggered arthritis in a murine
arthritis model (Collins et al., 2004). In our study, with genomic
self-DNA, we did not observe a contribution of TLR9 to immune
sensing of oxidized DNA in vitro and in vivo.
Sun exposure of the skin is a further major source of oxidation
damage to DNA. Sunlight contains UV-A and shorter wavelength
UV-B that elicit intracellular ROS when resorbed via the skin.
Exposure to UV-A or UV-B at the minimal erythema doses
(MED) was shown to induce a high frequency of 8-OHG in the
epidermis (Ahmed et al., 1999). In our study we observed
enhanced type I IFN induction by self-DNA at and beyond
MED doses of UV-A and UV-B. In contrast to healthy individuals
that merely develop transient sunburn, many patients with LE
display UV hypersensitivity and incur lupus lesions in sun-
exposed skin areas. It has been postulated that in cutaneous
LE lesions, extracellular DNA accumulates both due to defects
in phagocytic or enzymatic DNA clearance and due to excessive
cell death of keratinocytes and infiltrating neutrophils (Kuechle
and Elkon, 2007). 8-OHG has long been recognized as a prom-
inent marker in LE lesions (Lunec et al., 1994), which led to the
observation that in LE mouse models immunizations with
damaged DNA induced higher titers of anti-DNA autoantibodies
(Cooke et al., 1997). In patients, anti-DNA antibodies and factors
enhancing the delivery of self-DNA may promote immune stim-
ulation. It is interesting to note that the cationic peptide LL-37,
which is present in such skin lesions in LE, was recently
described to promote cytosolic recognition of DNA (Chamilos
et al., 2012). In line with this, our data provide evidence that
LL-37 promotes the activation of the STING pathway by
oxidized self-DNA. Besides LL-37, enhanced delivery of self-
DNA has also been described for high-mobility group protein
B1 (HMGB-1), which is abundant in areas of inflammation and
cell death (Bianchi, 2009; Yanai et al., 2009). Collectively, oxida-
tion damage of self-DNA in concert with factors that facilitate
access to the STING pathway may contribute to the higher auto-
immune reactivity in LE patients. Oxidized DNA was not only
abundant in skin lesions of LE patients, it also colocalized with
markers for a type I IFN response (MxA); furthermore, the injec-
tion of oxidized DNA into the skin of lupus-prone MRL/lpr mice
induced skin lesions that were indistinguishable from the his-
tology of skin lesions in LE patients, including the LE typical
type I IFN signature.
Deficiency in any of the three major DNA-degrading cellular
nucleases lead to lupus-like autoimmune disease resulting
from DNA accumulation (reviewed in Atianand and Fitzgerald,
2013). In particular, TREX1 has been shown to prevent build-
up of immunostimulatory DNA in the cytosol (Stetson et al.,
2008), and TREX1 defects have been described as the first
monogenetic cause for severe LE, accounting for 0.5% of lupus
cases (Lee-Kirsch et al., 2007). We observed that TREX1-defi-
cient mice and cells strongly reacted to cytosolic DNA, irrespec-
tive of whether DNA was UV damaged or unmodified. Of note,492 Immunity 39, 482–495, September 19, 2013 ª2013 Elsevier Inc.TREX1-deficient lupus patients experience comparably low UV
photosensitivity (Walling and Sontheimer, 2009). In contrast, in
many other lupus forms, UV-light exposure is the best-known
trigger of LE lesions, often leading to the first manifestation of
the disease in patients. Our finding of impairment of TREX1-
mediated degradation of UV-damaged genomic DNA and the
resulting potentiated immune stimulation suggests amechanism
for UV photosensitivity in TREX1-competent forms of LE.
Our data also suggest that sensing of oxidized DNA contrib-
utes to antimicrobial defense. Phagocytes make use of ROS to
kill pathogens both at sites of infection and in phagosomes
once they are ingested. To this end, macrophages produce
peroxide and neutrophils both peroxide and hypochlorite that
convert into ROS (Hampton et al., 1998).We found that exposure
to either of these potent oxidants rendered bacterial and viral
DNAs more potent stimuli of the STING pathway. It is therefore
conceivable that pathogen DNA labeled by oxidation as a sign
of phagocyte exposure or even phagosomal passage may
similarly act as an adjuvant promoting an adequate adaptive
immune response. Interestingly, a recent study reports superior
vaccine immunogenicity upon peroxide inactivation of viruses
and therefore proposed this as a new vaccination strategy
(Amanna et al., 2012).
Necrotic forms of cell death lead to the release of endogenous
molecules as so-called damage-associated molecular patterns
(DAMPs) (Green et al., 2009; Kono and Rock, 2008). Whether
(or under which conditions) self-nucleic acids can act as DAMPs
is still incompletely understood (Pisetsky, 2012). Activation of
TLR3 by structurally altered self-RNA released from dying
keratinocytes has recently been proposed as a mechanistic
explanation of sunburn (Bernard et al., 2012). Similarly, the adju-
vant effect of alum salts has been attributed to the release of
immune-stimulatory self-DNA from cells succumbing to alum
toxicity (Marichal et al., 2011). The oxidative burst of neutrophils
acts as an essential trigger for the release of neutrophil genomic
self-DNA during NET release (Metzler et al., 2011). We have
shown that NET DNA contains 8-OHG, which promoted the
STING-dependent innate immune response and thus acted as
a DAMP. DNA binding proteins such as LL-37 are prevalent
in NETs (Chamilos et al., 2012; Remijsen et al., 2011) and
enhance cytoplasmic delivery of oxidized DNA. Oxidative stress
constitutes the prototypical form of physiological distress.
Mitochondrial DNA damaged by oxidative stress during
apoptosis has recently been shown to activate the inflamma-
some (Shimada et al., 2012). Also, other oxidatively damaged
cellular macromolecules such as oxidized lipids (which are
subject to recognition by TLR4) have been shown to function
as DAMPs (Imai et al., 2008); furthermore, oxidation of proteins
increases their immunogenicity (Kurien and Scofield, 2008;
Prokopowicz et al., 2010).
In conclusion, oxidized DNA as caused by antimicrobial
oxidative burst or UV light constitutes a prototypic damage-
associated molecular pattern that goes beyond the classical
paradigm of self versus foreign, because this damage-associ-
ated molecular label is involved in the sensing of both self and
pathogen. This adds an essential component to the TREX1-,
cGAS-, STING-mediated pathway of cytosolic DNA sensing
with important implications for autoimmunity, sterile inflamma-
tion, and infection.
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Mice and Culture of Primary Cells and Cell Lines
Experiments with C57BL/6J, MLR/lpr, Tmem173Gt/Gt (Sauer et al., 2011),
Trex1/ (Morita et al., 2004), and TLR9/ (Hemmi et al., 2000) mice were per-
formed in adherence to German law. Murine dendritic cells (mDCs) were
cultured from bone marrow in the presence of GM-CSF. Human monocytes
were enriched from PBMC and neutrophils isolated from fresh whole blood
by MACS (Miltenyi Biotec). RMA, A549, HEK293, RAW, and Sv129 WTmacro-
phage cell lines were cultured in DMEM 10% FCS.
DNA Isolation, UV Irradiation, and ROS Treatment
Genomic DNA was isolated by phenol extraction and suspended in sterile
H2O. Cells and nucleic acids were UV-A or UV-B irradiated with a Multitester
SBB LT 400 (Saalmann) and UV-C irradiated with a Biolink BLX-254 cross
linker (Peqlab). DNA was incubated with H2O2 or NaOCl followed by ethanol
precipitation before resuspension in sterile H2O.
Detection of Cellular ROS and of 8-Hydroxy-2-Desoxyguanosine
Content in DNA
Intracellular ROS were determined with the Total ROS Detection Kit (Enzo Life
Sciences). After staining, cells were immediately irradiated with different doses
of UV light, then incubated for 30 min at 37C and analyzed by FACS. 8-OH-
dGTP (TriLink) were introduced into DNA by PCR. 8-OH-dG was quantified
with the 8-OH-dG EIA Kit (StressMarq Biosciences).
Stimulation of Cells In Vitro
Unless indicated otherwise, cells were transfected with genomic DNA, PCR
products, or poly(I:C) (Invivogen) with TransIT-LT1 (Mirus). PBMC or mono-
cytes were transfected with genomic DNA, CpG ODN 1826 and M362,
poly(dA:dT), or 3P-RNA by Dotap (Carl Roth). LL-37 peptide (Innovagen,
Lund) was incubated with genomic DNA (1:2 w/w) for 30 min. Supernatants
were harvested after 18–24 hr and cytokines analyzed by ELISA (IFN-amodule
set (eBioscience); antibodies to mouse interferon-alpha A (PBL Biomedical
Laboratories); mIFN-b using rat monoclonal anti-mouse-IFN-b antibody
(RMMB-1) and anti-mIFN-b rabbit serum (both from PBL), and anti-rabbit-
HRP (Bio-Rad); mouse CXCL10 DuoSet (R&D Systems); and mouse ELISA
Set IL-6, IL-12 (p40) (BD Biosciences).
In Vivo Experiments
50 mg genomic DNA in complex with Dotap (Carl Roth) or 200 mg naked
genomic DNA were UV irradiated and injected i.v., and serum cytokine was
determined at the time points indicated. Alternatively, mice were injected i.c.
into the earlobes every third daywith 10 mg untreated or UV-irradiated genomic
DNA or with sterile water (mock), and ear thickness was determined with a
caliper 24 hr after the injections.
Immunohistochemistry of Human Skin Biopsies
Immunohistochemistry was prepared from paraffin-embedded skin biopsies
and stained to visualize 8-OHG (StressMarq Biosciences) and the IFN-regu-
lated MxA protein (M143) with the antibodies indicated.
Statistical Analysis
Statistical analyses were performed by a two-tailed unpaired Student’s
t test.
SUPPLEMENTAL INFORMATION
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and five figures and can be found with this article online at http://dx.doi.org/
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